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Accurate delivery of small targets in high vacuum is a pivotal task in many branches of science 
and technology. Beyond the different strategies developed for atoms, proteins, macroscopic clusters 
and pellets, the manipulation of neutral particles over macroscopic distances still poses a formidable 
challenge. Here we report an approach based on a mobile optical trap operated under feedback 
control that enables cooling and long range 3D manipulation of a silica nanoparticle in high vacuum. 

We apply this technique to load a single nanoparticle into a high-finesse optical cavity through a 
load-lock vacuum system. We foresee our scheme to benefit the field of optomechanics with levitating 
nano-objects as well as ultrasensitive detection and monitoring. 


PACS numbers: 42.50.Wk, 07.10.Pz, 62.25.Fg 

Controlled manipulation of matter over long distances 
in high vacuum has enabled many groundbreaking ex¬ 
periments, including protein characterization via x-ray 
diffraction [l|, macroscopic quantum interference [1, Bj, 
laser induced fusion [3], and quantum information pro¬ 
cessing Q. The sample size ranges from sub-nanometer 
for single atoms [fj up to a few millimeters for laser fu¬ 
sion pellets. To avoid unwanted interactions, microscopic 
samples can be confined in levitation using Paul traps @ 
or optical fields [7]. These potentials usually extend over 
small regions on the order of few microns. Therefore, a 
delivery method is needed in order to position the sample 
of interest into the region of stable potential. 

Atoms and small molecules on a substrate can be de¬ 
livered into the gas phase through heating, since the ad¬ 
ditional thermal energy is sufficient to overcome the po¬ 
tential barrier caused by the attractive Van der Waals 
interaction between the sample and the substrate. In 
contrast, larger objects remain stuck because the Van der 
Waals interaction increases with size. For micron sized 
objects, the interaction can be overcome mechanically 
by shaking the substrate with a piezoelectric transducer 
allowing the particle to build up enough kinetic 
energy to escape the interaction potential. However, as 
this approach relies on the object’s mass, it cannot be 
applied to particles smaller than ss 1 /im. 

The advent of electrospray ionization partially closed 
this gap by delivering macromolecules and nanoparticles 
in solution into the gas phase 0 - Electrospray ioniza¬ 
tion generates fast highly charged particles, which are 
then guided with electrical forces into the vacuum cham¬ 
ber [6j, 0. However, charged particles are not always 
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desirable and neutral particles cannot be manipulated 
by electrical forces. 

An approach in the context of recent optomechanical 
experiments with an optically trapped nanoparticle, uses 
a nebulizer to deliver neutral particles front solution into 
the gas phase SEES- Neutral particles are trapped 
under ambient conditions and the pressure is reduced 
while the particle is trapped. Despite its simplicity, this 
approach is not ideal since it compromises the ultimate 
vacuum and excess particles degrade the performance 
of ultra-high reflectivity mirrors, which are required for 
cavity optomechanics |14l-ll6j. 

To maintain ultra clean conditions it becomes neces¬ 
sary to physically separate the particle injection region 
from the experiment and introduce a transport mech¬ 
anism between them. Conventional optical manipula¬ 
tion techniques based on tracking interference patterns 
or non-diffracting beams 0 are limited to travel ranges 
below 1 mm, which is insufficient to cover the distance 
between adjacent vacuum chambers. Hollow core optical 
fibers 0, 0] can overcome this limitation. Yet, their 
use for fine delivery in high vacuum is still to be demon¬ 
strated [20:]. Additionally, if no other feedback stabiliza¬ 
tion mechanisms are used, optically trapped particles in 
vacuum conditions escape the trap below ^lmBar due to 
a poorly understood mechanism that has been reported 
by several groups0, 10, [22], thus limiting the pressure 
range in which experiments can be performed. 

In this letter we address these difficulties by using a 
load-lock scheme with a mobile trap. Particles are loaded 
under ambient pressure in a first vacuum chamber and 
then transferred under vacuum into a high finesse cavity 
inside a second vacuum chamber. Additionally, our trap 
integrates a detection scheme that follows the particle’s 
motion over arbitrarily long manipulation distances, pro¬ 
viding the information required to implement a particle 
stabilization mechanism. This adds to our high vacuum 
trapping capabilities the ability to manipulate levitated 
nano-objects over large distances. 
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FIG. 1. Schematic of the experimental setup: A single mode 
optical fiber (1) is mounted on a 3D translational stage that 
goes all the way through 2 vacuum chambers (A and B). In 
the first chamber (A) the propagating light (red beam) is 
collimated and focused into a diffraction limited spot (2) us¬ 
ing two aspheric lenses. A small dielectric nanoparticle is 
trapped at the focus (2). The light scattered from the par¬ 
ticle (green waves in 3) is collected back into the fiber with 
the same aspheric lenses and interferes with a back-reflection 
from the vacuum side fiber’s facet. The interferometric signal 
is detected with an APD outside the vacuum chamber. The 
second vacuum chamber (B) contains a high Finesse Cavity 
(4) and is always kept in vacuum. CCD cameras (5a, 5b and 
5c) are placed at different viewports for accurate positioning 
of the trap in the different vacuum chambers. 


reference arm in a homodyne detection scheme. The in¬ 
tensity at the APD is, thus, given by 

Edet = Ep + 2 EpE r COs(<p r + 4>p{z )) (1) 

where E p (<p p ) and E r ( cf> r ) are the electric field ampli¬ 
tude (phase) of the backscattered light from the particle 
and reference, respectively. 

The radiation pattern of a subwavelength dielectric 
particle is well approximated by a dipole and, to lowest 
order, the position of the particle along the optical axis is 
imprinted only onto the phase of the backscattered light 
4> p (z) « <po + (f> z . Here, (f>o is an arbitrary relative phase 
between a stationary particle in the trap center and the 
reference beam, and <fi z = 2kgz is the phase change of the 
particle due to its motion along the optical axis, where 
k 0 = 2 tt/\ is the wavevector. Note that a small displace¬ 
ment of z(t) along the optical axis, leads to 2z(t) optical 
path difference between the backscattered and the refer¬ 
ence light. For a periodic motion z(t) = q z cos(fLt) the 
last term of equation © reads 

{ OO 

2 ^2 e*^ 0 *"J„(2fcog z ) cos (nSl z t) 

71=1 

_ ( 2 ) 

where we used the Jacobi-Anger expansion |24| . 

Thus, the right term of equation m is a sum of 
harmonics of the particle oscillation frequency where the 
relative strength of each harmonic is given by a Bessel 
function J n (2koq z ). 


Figure [l] shows the experimental setup. The mobile 
optical trap (MobOT) consists of an optical fiber, a 
collimator and a high numerical aperture aspheric lens 
(NA=0.8), which are mounted together on a metal rod 
inside our vacuum system. The metal rod is attached to 
a translation stage equipped with three stepper motors. 
The stepper motors allow us to move the MobOT in all 
three spatial directions with 2/zm/step. The step size 
is given by the ratio of the gears used to actuate the 
translation stage and can be reduced on detriment of 
speed. Infrared light (A = 1064nm) from a free space 
laser is coupled into the fiber and sent through the fiber 
into the vacuum chamber, where it is out-coupled with 
the collimator and focused by the aspheric lens to form 
a stable optical trap 1.5mm away from the surface of 
the lens. As in previous experiments [H, [23| we use a 
nebulizer to load the optical trap with a single Si 02 
nanoparticle with radius r ~ 75nm . 

The particle scatters light from the trapping beam. 
The backscattered light is collected with the same as¬ 
pheric lens used for focusing, coupled back into the fiber 
via the collimator and sent to an avalanche photodiode 
(APD). At the APD, the backscattered light from the 
nanoparticle interferes with laser light that is reflected 
at the end facet of the vacuum side fiber, acting as a 
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FIG. 2. Trapping of a single 75nm radius silica nanoparticle 
in the MobOT: Time traces of the interference intensity mea¬ 
sured without (a) and with (b) a particle in the trap. The red 
lines in (a) and (b) correspond to the mean level of the sig¬ 
nal. From longer time traces we compute the power spectral 
density for a trap without (c) and with (d) particle. When 
the particle is present, the PSD shows peaks at the successive 
harmonics of S2 Z (grid dashed lines in (d)). The experiment is 
performed at 2 mBar. Insets show a side view of the optical 
fiber trap in the loading chamber (camera 5a Fig. [T|). 
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Figure [2] shows a characteristic time trace and power 
spectral density (PSD) of the detector signal measured 
with a nanoparticle trapped at 2mBar. We clearly re¬ 
solve the oscillatory underdamped motion [25| and ob¬ 
serve up to four harmonics of the fundamental frequency 
at Q z /2tt = 40kHz. From the ratio of the 1 st and 3 rd 
harmonic J\(2koq z ) 2 / J^{2koq z ) 2 we retrieve q z « 183nm 
in excelent agreement with what is expected (191nm) 
from the equipartition theorem 2Tokg = mfl 2 q 2 , where 
To = 300K and kg is Boltzmann’s constant, m = |7rr 3 /?, 
r = 73 ± 4nm and p = 2200kg/m 3 . In addition to the 
particle oscillations, the APD signal in presence of the 
particle (Fig. [2t>)difFers from the APD signal without a 
particle (Fig. [5Ji)) by an offset. This offset originates 
from the terms E 2 and 2E p E r J 0 (2k o q z ) in equation dT|) 
and equation ([2]). respectively. Remarkably, our detec¬ 
tion scheme enables us to follow the particle motion over 
arbitrary distances. This is in stark contrast to common 
stationary detection methods, where the detection range 
is of the order of the particle diameter for quadrant photo 
detectors (QPDs) based methods [20 or limited by the 
field of view for camera based detection [U, [27j ■ 

The detection signal is used to feedback stabilize the 
particle in the MobOT at pressures below ImBar. In 
contrast to previous schemes 0- 0 HH, our feedback 
does not depend on a precise phase relationship between 
the particle motion and the parametric feedback force. 
Instead, it measures abrupt changes in the detector 
signal and penalizes large amplitude oscillations by 
increasing the trap stiffness akin to a plasmonic self- 
induced back action trap 0 


The oscillation amplitude of the trapped particle 
changes randomly due to stochastic collisions between 
the particle and residual air molecules. The timescale 
~ 1/To over which the amplitude changes is determined 
by the damping coefficient r 0 [30!!]. The damping co¬ 
efficient depends linearly on the gas pressure P gas [0 
and is much smaller than the oscillation frequency un¬ 
der vacuum conditions (underdamped regime) j3l| . The 
relatively slow change in amplitude allows us to imple¬ 
ment the feedback in a FPGA. We sample the detec¬ 
tor signal at 520 kSamples/s. For each sample Vi we 
measure its deviation from the current mean (V z ) = 
M 0_ M Vi and compare it to the standard deviation 

ay = M~ l 0Im((14) — Vi) 2 over the last M = 13 
samples, which corresponds to one oscillation period. To 
cool the particle, we modulate the laser intensity with an 
acousto-optic modulator (AOM) according to 


P\ 


Laser 


= Pn X 



if 104) 
if 104) 


V z \ > ay 
V z \ < ay ’ 


(3) 


where Pq is the laser intensity without feedback and 
e = 7.5% is the laser modulation depth. Since the 
trap stiffness fc tra p oc Teaser, this scheme penalizes large 
oscillation amplitudes by stiffening the trap whenever 
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FIG. 3. Effect of the feedback on the particle motion 
(P=2 x 10~ 5 mBar): (a) The particle motion amplitude is 
damped by the feedback, (b) It increases when the feedback 
is deactivated and (c) returns to a low amplitude oscillation 
when the feedback is switched on again. 


the amplitude becomes too large, leading to an overall 
reduction in the particle oscillation amplitude as shown 
in Fig. [H 


According to the equipartition theorem, a static in¬ 
crease of the laser power Pi aS er oc ktrap decreases the 
oscillation amplitude (z 2 ) oc 1/Pi aser , while increasing 
the oscillation frequency f2 z oc \/P\ a sei- Fig. |4] shows the 
PSD of the detector signal with and without feedback. 
The oscillation frequency shifts only slightly to higher 
frequencies under feedback. This demonstrates that our 
feedback increases the average laser power only very lit¬ 
tle. The feedback damping also manifests itself as an ss 
8 fold increase in the resonance linewidth. According to 
Gieseler et al.0], we can estimate the center of mass 
temperature ( Tqm ) from the additional optical damping 
as: 


Tcm 


TT n 


r o + ST 


(4) 


Where T is the temperature of the phonon thermal bath, 
r o its dissipation and <5T the additional dissipation rate 
introduced by the optical feedback. This corresponds 
to Tcm ~ 40K. It is worth noticing that due to the 
nonlinearity of the Bessel functions in equation ([2]) and 
especially the nonlinear broadening at low pressures 
without feedback 32|, we might overestimate r o with 
respect to <5F, leading to an underestimate of the cooling 
efficiency. This trend is corroborated by comparing the 
variance of the signal traces, which gives Tqm ~ 30 K. 


We use the MobOT to stabilize a nanoparticle and to 
translate it between two vacuum chambers, which are 
separated by a valve and « 66 cm apart (A and B FigJT]). 
First, we trap a particle in chamber A under ambient 
pressure, while we keep chamber B at 10 _5 mBar. We 
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then reduce the pressure in chamber A to ImBar and 
activate the feedback. When chamber A has reached 
10~ 4 mBar we slowly open the valve. This equilibrates 
the pressure between the two chambers at 6 x 10~ 5 mBar. 
Once the equilibrium pressure has been reached, we push 
the metal rod into chamber B at an average speed of 
2mm/s, which takes about 6 min l 33| • At the center 
of the second vacuum chamber, which hosts a high fi¬ 
nesse optical cavity (Fft: 120.000 estimated by ringdown 
measurements), we observe the MobOT through the top 
window using an external camera (camera 5b in Fig. [T]). 
Fig. d5]) (Multimedia view) shows a sequence of camera 
images as we translate the trapped particle in the XZ 
plane, demonstrating our excellent control of the particle 
position throughout the cavity. 

Finally, we use the MobOT to transfer the particle 
into the cavity field as shown in Fig (^Multimedia view). 
From time t=0s to t = 32s we position the particle 
to the cavity mode (65^tm waist) by fine tuning the 
position of the trap into the three axis. Then, at t = 32s 
we increase the intracavity power to 70W, allowing the 
particle to jump from one trap to the other. At this 
point we retract the MobOT to check that the particle 
is kept traped by the cavity field. Few seconds after the 
transfer, the particle escapes the cavity field as reported 
by other groups [16]. 

In conclusion, we have demonstrated position detection 
of a levitated particle collecting the backscattered light 
through a fibre. In combination with a mobile optical 
trap under feedback and a load-lock scheme, it enabled us 
to translate a levitated particle over long distances and to 
accurately position it in three dimensions allowing trans¬ 
fer between different trapping potentials even under high 
vacuum conditions. Our method could be used to deliver 
nano-objects of different sizes as long as they experience 


FIG. 4. Cooling of the particle motion: Closeup of the PSD 
in the region of the first harmonic at 40kHz of a particle at 
2 x 10~ 5 mBar without ( H ) and with feedback ( T ). Darker 
lines are Lorentzian fits. 



FIG. 5. 3D fine displacements of a levitated nanoparticle 
through a high finesse optical cavity: Frames of a record show¬ 
ing the position of the particle and the MobOT while manip¬ 
ulating the trap around the optical axis of the cavity (white 
dashed line). The solid white line follows the trajectory of 
the particle and the times are shown in second at the top-left 
corner of each frame. The yellow scale bar corresponds to a 
length of 5 mm. The record is made using camera 5b (Fig. [T]), 
(Multimedia view). 



FIG. 6. Particle transfer from the MobOT to the cavity field: 
Frames of a record showing the transfer of a 75nm radius 
particle from the MobOT to the standing wave of an optical 
cavity. The diameter of the cavity mode is approximately 
130/rm, and has been colored for clarity. The record is made 
using a magnified view from camera 5b (Fig. |T|, (Multimedia 
view). 


trap depths larger than lOfc&T, [34]. Using the dipole ap¬ 
proximation, we estimated a trap depth for the MobOT 
of « 30 kbT. Hence, using the same power we should 
be able to deliver particles with sizes down to 50nm ra¬ 
dius (limited by the particle polarizability). An unpper 
size bound appears when the particle is larger than the 
MobOT spot size, therfore we should not be able to trap 
and deliver particles larger than ss lfj,m diameter. 

We envision that our approach will enable many 
exciting experiments that require to deliver a nanometer 
sized object into a clean high vacuum, such as cavity 
optomechanics with one or multiple particles to study 
macroscopic quantum mechanics (H, phase transitions 
35l, short range forces [36], nanoscale heat transport 
37J, coherent particle-particle interactions l38 t and 
gravitational waves [39]. 
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